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LETTER OF TRANSMITTAL.

DerartMENT OF THE INTERIOR,
UxiTtED STATES (GEOLOGICAL SURVEY,
Washington, D. ., March 20, 1903.

Str: 1 have the honor to transmit to you a manuscript cntitled **Chemical
Analyses of ITgneous Rocks published from 1854 to 1900, with a critical discussion
of the character and use of analyses,” by Henry Stephens Washington, and to recom-
mend that it be published by the Survey as a Professional Paper.  This work is pri-
marily a compilation of chemical analvses. and is especially valuable to petrographers
and chemists, for it places in one volume material gathered from o great many scat-
tered sources. The critical discussion of the value and use of rock analyses, with
conmments upon methods of analysis and a review of the bearing of this mass of
material upon rock classification, is also of much importance to both petrographers
and chemists.  The arrangement of the analyses according to the quantitative system
for the classification of igneous rocks permits one to compare readily any new
analysis with many others of closely allied rocks. A work of thix kind is necessarily
very expensive when published by a commercial house, and it so issued would he
hevond the reach of many who would desire to use it. It is particularly appropriate
that the Survey should publish this work, because a very large proportion of the
rock anatyses here inchuded have been made in the laboratory of the United States
(zeological Survey, upon material which is preserved in its petrographic reference
collection. The use of that collection will be greatly factlitated by this work.

Very respectfully,
Wiarrmax Cross,

(reologist in Charge Section of Petrology.
Hon. Coarres D. Warncorr,
Divector U. S. Geological Survey.



PREFACE.

The collection of chemical analyses of igneous rocks here presented was made
during a period covering sevcral years, for purposes of ready reference in certam
lines of investigation. In view of the gieat value of that standard work of reference,
Roth’s Tabellen, and of the fact that no such collection of rock analyses has appeared
smnce the last installment of these in 1884,%1t was thought that an extension and
completion of these along the lines of Roth’s work, so as to bring them down to the
present day, would be welcome to petrographers. This seemed to be the more
advisable because the years that have elapsed since 1883 have witnessed a very
marked increase in the number, as well as a great improvement in the quality, of
chemical analyses of rocks. These years have also shown a steady increase in the
importance of chemical analyses as applied to the discussion of petrological problems,
and a growing tendency to use them as bases for various systems of clagsification
which have been proposed. |

The classificatory work on which T have been engaged in collaboration with
Cross, Iddings, and Pirsson, the results of which have recently appeared,’ was
also a powerful incentive to the formation of the present collection. As has been
stated by us, this collection has been appealed to whenever possible, as a test of our
proposed system of classification, and has also formed to a large extent the basis of
the roots of the magmatic names suggested.

The years embraced in the present collection are those from 1884, that of the
publication of the last of Roth’s Tabellen, to 1900, both inclusive. The former was
selected as a starting point because Roth collected nearly all the analyses which
appeared in 1883; yet some of thosc which he overlooked are included in this col-
lection. The year 1900 seemed to be appropriate as the other time limit, partly for
the reason that it was the closing year of the last century, and partly because in that
year appeared Bulletin 168 of the Umited States Geological Survey, which is the latest
publication embracing all the analyses of rocks made by the chemists of that organi-
zation. At the same time, since the collection is to a large extent illustrative of our

aRoth, J, Beitrage zur Petrographie der plutonischen Gesteine Sitzungsber K Preuss Akad Wiss, Berlin, 1884

bJournal of Geology, Vol X, 1902, p 555, also, Quantitative Classification of Igneous Rocks, Chicago, 1903

»>
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8 PREFACE.

proposed system of classification and nomenclature, some analyses published prior to
1884 or subsequent to 1900 that are of especial interest or importance have becn
inclided, as illustrations of the classificatory divisions, or as forming the bases of the
magmatic names.

The endeavor has been made to present all analyses of igneous rocks, good, bad,
and indifferent, that have been published within the time limdts selected. For this
purpose I have examined the nost complete accessible files of all known geological
survey publications, as well as those of geological and other scientific societies, the
-arious geological journals, inangural disscertations, ete.

It is of conrse impossible that all analyses published during the time given should
have been collected.  Some of the less well-known publications of scientific societies
are inaccessible in this country, and, indeed, at the tinme the material wus collected
(1900 and 1901) the later publications of some of the surveys and societies were, for
obvious rcasons, not to be had here. But it is believed that the collection is fairly
complete, and that it contains at any rate a record of much of the most useful and
noteworthy chemical work of the seventeen years which it represents.

It is hoped that occasional appendixes will be published later, in which, if possi-
ble, many of the analyses here overlooked will appear. For this purpose I shall
estecm it a favor to have my attention called to omissions, and shall be under great
obligations to those who will he kind enough to send separates of publications which
have been overlooked in the present collection or which may appear subsequently in
journals that are accessible here with difficulty or not at all. It is to be regretted
that the current reviews publish so few of the analyses contained in the papers
reviewed, for these analyses are often of the greatest iterest. In the present trend
of petrology they are often of much more importance than the microscopical details,
which are frequently cited at length. '

Although great care has been taken to guard against errors in collecting the
analyses, preparing the manuscript, and reading the proof, mistakes arc almost
unavoidable in dealing with the mass of figures represented. T can not venture to
hope that they have been entirely eliminated, and can ounly express my regrets at
their existence, and trust that my attention will be called to them—a favor which will
be very highly appreciated.

The collection is strictly confined to analyses of igneous rocks. Tt was at one
time intended to include also those of metamorphic rocks, but the delay which this
plan woilld have involved seemed finally to render it inadvisable, though a fairly
complete collection of such analyses had also been made in conjunction with those
here given. Sedimentary rocks of all kinds have also been omitted, though analyses
of voleanic tuffs are included. Analyses of serpentines are likewise excluded, since
they are due cither to the decomposition of igneons rocks, so that, as explained



PREFACE. 9

elsewhere, their analyses would fall under the ban imposed on such altered material,
or are derived from either metamorphics or mineral masses, and hence fall outside
the scope of the present collection.

It was hoped for a time that analyses of meteorites could be given; but owing to
the fuct that no adequate collection of the analyses of these bodies has yet been made,
this would have involved a search through the voluminous and widely scattered lit-
eraturc published concerning them since the commencement of their study. Such
a proceeding wonld have postponcd indefinitely the appearance of this work, and
therefore, as well as in view of the fact that they form the subject of special study,
the project was abandoned. I am informed, furthermore, that such a collection is
already being undertaken by another, so that it is to be hoped that this serious lacuna
will shortly be filled.

It may seem to many petrographers who are acquatnted with the chemical analy-
sis of rocks that certain portions of this subject have heen gone into with unnecessary
detail, or that many truths are stated which are obvious to any one conversant with
the subject. That this is true to a large extent is admitted, but it must be remem-
hered that the greater part of the text which is devoted to this subject has been
written with the nonanalytical reader in mind, to whom much of what is here given
will undoubtedly prove novel. As will be evident from a perusal of the text and
from a study of the analyses here presented, therc are far too many petrographers
to whom the principles and methods of chemical analysis are as a sealed book, and in
their case 1 can only feel that if I have erred it has been on the side of too little
explicitness or detail. '

The new terms and names used are those proposed in connection with the recently
published quantitative classification, and their meanings will be found in the glossary
given on pages 479-483. No apology is offered for their introduction, since in many
cases they are the only terms available to express the ideas which it is desired to
convey, at least without the use of much longer or circumlocutory phrases, and it
was desired as well to take this opportunity of making them more familiar to
petrographers.

The progress of the work has been greatly facilitated by the kindness of many
friends, to whom it is a pleasure to express obligations. I am especially indebted to.
the officials of the libraries of Yale and Columbia universities and of the United
States Geological Survey, who courteously afforded me the fullest facilities in the
examination of serial and other publications. Without their assistance this collection
counld not have been made satistactorily complete.

I am also indebted to several friends, minong whom I may mention especially
Profs. J. ¥. Kemp and J. B. Harrison, for several unpublished analyses, which they
kindly allowed me to insert in the tables. To my friends Dr. Cross, Professor
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Iddings, Professor Pirsson, and Dr. Hillebrand T am grateful for many valuable sug-
gestions and criticismns. Nearly the whole of the manuseript of the text has been
submitted to niy colleagues in the new classification, so that the views here expressed
may be regarded, in general, as having their indorsement, and as expressing the
ideas of all four.

Last, but by no means least, I must express my sense of deep obligation to the
Hon. C. D. Walcott for his kindness in allowing the work to appear as a Survey pub-
lication. It is gratifying to feel that this hospitality is in part repaid by the incon-
testable evidence the present volume affords of the preeminent place in rock analysis
that is held by the organization of which he is the Director.

Finally, I must express my regret at the delay in the appearance of the work,
which is published more than two years after the limiting date of the collection. 1
can only plead in extenuation the pressurc of other work, especially that in connec-
tion with the new system of classification, and trust that the time which has elapsed
has but added to whatever worth the volume may possess.



CHEMICAL ANALYSES OF IGNEOUS ROCKS,

By H. S. WASHINGTON.

INTRODUCTION.

In the first two or three decades of the last century, when the study of rocks as
such was being differentiated from that of minerals and of rock terrancs—that is,
when the science of petrogaphy was in its infancy—little attention was paid to their
chemical features. It is true that a number had been analyzed, but these were for
the most part rocks that were of such a character as to lead the investigator of those
early days to consider them as minerals, as was the case with the first described
Iherzolite and wehrlite. In contradistinetion to the individually well-defined min-
erals, rocks were regarded as mercly aggregates of minerals, in presumably fortui-
tous combinations, and lacking that definiteness or constancy of composition in one
mass or in different masses which would justify their chemical study as a whole.
As, however, they became more and more the subjects of special research, heginning
with the earliest investigations of Cordier, a knowledge of their chemical composi-
tion assumed gradually increasing interest. The great importance of this side of
the study of rocks was first elearly recognized by Abich,’ who pointed out, as early
as 1841, the necessity of a knowledge of their chemical composition for the solution
of such problems as their origin, mode of formation, and connection with the
interior of the earth, as well as the value of a comparison of their analyses as a
proper basis for their classification and nomenclature. To him, therefore, is due the
eredit of introducing the chemical composition of rocks as a basis for their classifi-
cation; though the good influence of this suggestion for their right understanding
was largely nullified by the coincident usc of the feldspars alone as one of the main
tactors of classification,® an idea which has had a deplorably retarding influence on
the development of systematic petrography for many years, and which, even at the
present day, holds many systematists firmly in its grasp. .

aCi. Cross, Whitman, Jour. Geol., Vol. V, 1902, p. 352.
& Abich, H., Natur der Vulkanische Bildungen, Braunschweig, 1841, p. v.

¢ Cross, Whitman, 1oc. cit., p. 362.
11



12 CHEMICAL ANALYSES OF IGNEOQOUS ROCKS.

For about thirty years after Abich’s publication cheinical analyses occupied &
prominent position in petrographical discussions, heing employed largely for the
purpose of determining the mineral composition of. rocks. Abich, in the work just
cited, had adopted as a means to this end the ratio of the oxygen of the hases to that
of the silica, and was thus enabled to calculate approximately their mineral composi-
tion, as Rammnelsberg and others had also done. A

A modification of this method, known as the “*Oxygen-ratio” (Sauerstoffquo-
tient), was introduced by Bischoff,* and was long employed for the correlation of
rock analyses and for the investigation of the question whether the various oxides
were present in rocks in stoichiometric proportions or not. This ratio is obtained,
for any given rock, by dividing the amount of the oxygen in all the bases by that
present in the silica, and was supposed to be characteristic ot different broad groups.
This supposition was cventually found to be unwarranted, as rocks of very diverse
chemical or mineralogical characters were shown to have the samc oxygen ratio. It
is noteworthy that, although he himself pointed out this and other grave objections
to the use of this 1atio,” Roth gives it in connection with the separate analyses in all
hig tables, cven in the last one, published in 1884. He explains this by saying ¢ that
it is done, ““only in the absence of a hetter means of comparison, as well as to make
it possible to compare the older and newer analyses.”

It was also shown by Roth and others that rocks could not be referred to simple
chemiecal formule; in other words, that the oxides were not pregent in stoichiometrie
proportions. This, indeed, is one of the most important of the resalts arrvived at by
Roth from a study of the analyses collected by him, and first published in 1861.

Shortly after Bischofl’s suggestion of an oxygen ratio there appeared ¢ Bunsen’s
well-known hypothesis of the formation of igneous rocks by the mixture of two
supposed original magmas—the normal trachytic and the normal pyroxenic. For
the application or the discussion of this hypothesis, analyscs were, of course, all-
important. Founded, as the hypothesis was, on limited and totally ihsuflicient
data, ‘it had to yield to the evidence furnished by the many analyses to which it
bad given risc.

With the abandonment’ of this view of the genesis of igneous rocks, and owing
to the coincident introduction of the microscope in the early seventies, analyscs lost
much of their importance. Though they were still published, it is evident that they
were, a8 a rule, inserted perfunctorily in petrographical writings, in obedience to
custom, as ornamental cimbellishments.  Little or no stress was laid on them, and the
chief efforts of the potrographer were devoted to the elucidation of the purely min-
eralogical and textural characters of the rocks described.

a Bischoff, G., Lehrb, Chem. Geol., Vol. I, 1549, p. 631. « Bunsen, R., Pogg. Ann., Vol. LXXXIII, 1851, p. 197,
bRoth, J., Gesteins-Analysen, Berlin, 1861, p. x. e Cf, Zirkel, Lehrbuch, Vol. I, 1893, pp. 658 et seq.
¢ Roth, J., Beitr, Petrog. Pluton. Gest., 1869, p. §7.
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The microscope poured a flood of light upon the wineralogical constitution as
well as the texturc of rocks, and rendered easy and certain of attainment results
which hy the older methods, based on analysis, had been attained only with difficulty
or not at all. At the same time the collapse of Bunsen’s hypothesis left for the time
being no general theory of rock formation and genesis in its place, Durocher’s
liquation hypothesis“ and Roth’s first suggestion of differentiation? attracting little
attention. Petrographers were too busy collecting and assimilating the vast mass of
facts discovered through the microscope to be able to devote much of their energies
to theoretical studies.

With the opening of the last decade of the ninetcenth century, however, there
arose an interest in the theoretical side of petrology in contradistinction to the
descriptive petrography which had hitherto prevailed since 1870. This was started
by the work of Lagorio, Teall, Rosenbusch, Brogger, 1ddings, and others, and since
that time analyses have occupied a more and more prominent place in petrological
discussions. They are no longer ornamental adjuncts, but essential parts of most
petrographical publications, on which much of the discussion hangs, and from which
the most important conclusions are drawn.

The crystallographic and optical properties of the constituent minerals and the
details of texture are no longer the main subjects of investigation, but are finding
their place with the chemistry of rocks and the broad and far-reaching studies based
on this. The microscope 1s sharing the throne with the balance.

This 1s as it should be, since exclusive attention to one aspect tends always to
obscure the goal toward which all science is striving—the understanding of the
““how ” and the ‘“ why ” of things as they are—by temporarily setting up objects of
interest of subsidiary nuportance. These subsidiary aims all have their use in
advancing the progress of the science, but it must not he forgotten that they some-
times lead into very devious paths, often of overspecialization, and that it is by
keeping our forces moving forward together along all the lines of approach that we
shall most quickly and surely reach our destination.

THE CHARACTER OF ROCK ANAILYSES.

GENERAL CONSIDERATIONS.

With the growing interest in rock analyses it is of the ntmost importance that
they be used intelligently, not only as to their application in theoretical discussions,
but, which is of especial interest here, as regards a just appreciation of thetr character
and applicability to the purpose in view. '

It 1s a somewhat surprising and, it must be said, a rather saddening fact that
the critical judgment of petrographers in general as regards rock analyses secis

— —_——

« Durocher, Ann, des Mines, Vol. X1, 1857, p. 217. b Roth, J., Gesteins-Analysen, 1861, p. xix,
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to be in abheyance or wholly lacking. There is among them now, as there seems
always to have been to some extent, a tendency to place implicit confidence in the
results of analytical work—to accept readily whatever figures the analyst may
furnish, with scarcely ever an attempt at a critical estimate of the worth of the
analysis or a comparison of it with the chemical character of the rock itself as
revealed by the microscope. It seems to be taken for granted by nearly all petrog-
raphers that the analyst; like the proverbial king, can do no wrong. This applies,
not to the personal good faith of the analyst, but to the. analytical processes which,
possibly because they belong to one of the exact sciences, are for the most part
tacitly assumed by the petrographer to be infallibie.

1t is noteworthy that this attitude of mind obtains, not only among beginners,
but among the foremost workers in the science. There ave, it is true, some instances
of the application of expressed criteria in the sclection of analyses in well-known
papets, but in all these cases the criteria applied are few, and quite inadequate to the
purpose, being confined, for the most part, to the freshness of the rock. In few
cases does there seem to be any recognition of the difficulties and uncertainties of
analytical work or any practical acquaintance with its methods.

It goes without saying that this way of regarding analyses is totally at variance
with the best interests of the seience. Analyses constitute the basis of much of the
investigations and discussions with which petrographers and petrologists raust ocenpy
themselves, and it 1s surely not the part of wisdom to ercct claborate structures on
foundations of whose stability and careful workmanship we are not assured. It will
be time saved in the end, and the superstructure, however well built in itself, will
have a far better chance of withstanding the ravages of time and the attacks of critics
if all the rotten and nnsonnd blocks in the fonndation ave 1removed and only the best
and strongest of material retained.

A consequence of this unquestioning eonfidence in the results of analytical work
is that it is often intrusted to a student in chemistry, one with little or no experience
in the analysis of rocks, and with no appreciation of the complexities and difficuities
inherent in this department of quantitative analysis. That the resnlts furnished by
such inexperienced, and to this extent incompetent, analysts should be received with
the greatest caution, is a truism to anyone acquainted by actual experience with the
difficulties and dangors of rock analysis. But Hillebrand “and Pirsson? have expressed
so clearly and concisely the views which I hold that T can do no better than refer to
them. It is certainly remarkable and significant that in petrography alone of all the
seiences the most dificult and intricate work is intrusted to novices, and that their
results are accepted by nearly all with the same confidence that is given to the work

of an expericnced person.

e Hillehrand, W, F., Bull, U. 8, Geol. Survey No, 148, 1897, p. 14,
b Pirsson, L. V., Twentieth Ann. Rept. U. S, Geol. Survey, 1900, Pt. fII, p. H78.
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This general laxity among petrographers as regards the quality of rock analyses
is only too painfully evident in the present collection. There is to be found an
astonishingly large proportion of poor work, much of it of such a character that it
would seem that even a tyro in analysis would reject it as hopelessly inadequate for
use. -Analysesare given with summations over 103 or below 98.  Analyses of leucite-
basanite exist so low in alkalies that 10 or wore per cent of quartz must be
present, even though in the calculation ail the potash is assigned to orthoclase and
all the soda to albite, Analyses of rocks rich in olivine are found which show
30 per cent of aluminu and only small amounts of ferrous iron and magnesia. In
certain cases of alkalic rocks the alkalies have not been separately determined.
Rocks with abundant wegirite contain no ferric iron, and those with sodalite no
chlorine, to judge from the figures furnished. Indeed 1 may say that some of the
most depressing hours of my life have bheen those spent in collecting and arranging
the “poor” and “had” analyses here given, especially those grouped together in
Part 11 of the collection. They represent a vast amonnt of misdirected and wasted
energy, and, in many cases, have served as foundations for much logical and other-
wise excellent reasoning, which has been almost wholly vitiated hy the worthlessness
of its basal data. This would often be ludicrous were it not pathetic.

The publication and general acceptance of all this worthless analytical matter
reveals the weakest side of petrography, and goes far toward showing why, up to
the present, no classification of igneous rocks hased on purely chemical or quanti-
tatively mineral characters has been proposed, or would be likely to receive the
general assent of petrographers.

The chief feason for this low standard of criticismi on the part of petrographers
as regards analysts and analyses would seem to he that, while all of them are neces-
sarily conversant with chemistry front the theoretical side, few hayve much knowledge
of the theory of quantitative analysis or much experience in its methods. The fact is
not generally recognized that the complete und adequate analysis of an igneous roclk
iz one of the most complex und, in some respects, one of the most difticult problems
of analytical science, far beyond the capabilitics of a novice, and demanding not only
cliemical knowledge and manipulative skill, but often the cxercise of considerable
judgment derived from experience in solving the perplexing problems which may
present themselves.«

With the greatly increased importance of chemical analyses at the present time,
it can justly be considered that the ability to make an accurate and tairly complete
chemical analysis of an igneous rock should form an essential part of the training
and equipment of every petrographer. It is only by such knowledge that one is

able to judge at first hand of the true value of an analysis, to see where errors have

a Cf. Hillebrand, op. cit., p. 16.
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possibly crept in, and to discriminate between what is good and worthy of use and
what is bad and to be rejected.

In view of this state of affairs it will be pertinent to discuss at some length the
qualifications which go to make a good analysis, the theoretical and practical criteria
by which analyses may be judged, and, in a rough way, the estimation of the weight
which may be allowed any given analysis in theoretical discussions. Indeed, one of
the main objeets of the present publication is to call the attention of petrographers
in general to this state of atfairs, so that they may realize more clearly the pressing
need for reform and the necessity for a just appreciation of the value attaching to
good analvtical work and of the dangers incident to the use of poor analyses. There
is undoubtedly at the present time a marked improvement in this respect, but so
many recent instances of lack of judgment or eriticism in the publication of analyses
might be cited that the need is apparent, even now, for a free discussion of the subject.

I realize fully that this 1s a delicate task, and diflicult, if not impossible, to do
without causing il fecling. This difficulty is, of conrse, inevitable in any discussion
involving the trank statement of weaknesses or errors. 1 have therefore endeav-
ored to make the discussion as impersonal as possible, though some refercnces as
illustrations have been unavoidable. Fortunately, having myself done considerable
analytical work, I can only too often cite my own analyses as instances of what is

to be avoided.
REPRESENTATIVENESS.

CHARACTFR OF THE ROCK MASS.

An analysis of an igneous rock is of value in direct ratio as it tulfills two con-
ditions: that the specimen analyzed is representative of the rock mass, and that
the analysis itself is acenrate and complete in its determination of the constituents
present. We may consider these two factors in the order stated.

The representative character of the specimen depends partly on the character of
the rock mass and partly on the amount of material taken.

If the mass be uniform, or if a single uniform facies be the object of investiga-
tion, two courses of procedure are possible. A single representative specimen trom
one locality may he selected for analysis, or pieces of several specimens collected
from differbnt parts of the mass may be taken, pulverized, and mixed, and the
anal ysis made of this mixture. '

Of these the latter labors under the disadvantage that a check by means of
reexamination by others will be impossible, and, furthermore, the uncertainty will
always exist that the mixture of several specimens really represents the composition
of the whole better than does a single specimen.

In the great majority of cases it is by far the best plan to select a definite
locality, preferably ome which is of a permancnt nature and not likely to be lost
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through building or other operations, the rock of which can be considered repre-
sentative of the whole mass, and make the analysis of a speecimen from this.

If there should he doubts as to the general uniformity of the whole mass, it is
better to make several analyses from different parts, even though this involves con-
siderably more analytical labor, since a much more detailed knowledge is thus
gained, and important features which may otherwise be overlooked may be rendered
evident.

In the case of a heterogeneous mass, such as a stock or dike with marginal
facies, it is likewise always the wisest plan to have separate analyses made of the
* different facies, even though the determination of the character of the mass as a
whole be the only object in view.

The decision as to the representative character of the specimen selected must be
left to the collector, and it would seem natural that a petrographer who had the
apalysis of a roclk in view, or who thought the results might be of value, would
carefully consider this question in the field and select his material accordingly. The
evidence is conclusive, however, that the specimen analyzed has often been collected
with no reference to.this point, this fact greatly diminishing the value of the
analytical work afterwards expended on it.

In connection with this subject the question naturally arises whether rock masses
are indeed so uniform in character that any single specimen will be truly represen-
tative of the whole, and whether specimens from different parts of an apparently
uniform mass, cven if close together, may not differ widely in composition. A full
treatment of this fundamentally important topic is impossible here, but the outcome
of such a discussion would be that, though the latter statement undoubtedly applies in
the case of modally or normatively (but not texturally) eutaxitic or schlieric masses,
yet a rock mass which is megascopically and microscopieally uniform will furnish, by
proper selection, specimens that, if examined by two or more competent analysts
and by reliable methods, will yield results that are sensibly identical In other
words, in the terins of the new classification, they would fall in the same sublang,
or very close to the same border line.

No investigation appears to have been made specially to decide this point, but a
number of examples arc furnished by the present collection which bear out the
conclusion stated. Among them may be mentioned the analyses of the Butte
grano-harzose-amiatose (granite) (Nos. 1, 2, and 3), the phyro-miaskose (phono-
lite) of the Black Hills (Nod. 8 and 9), the grano-essexose (essexite) of Salem Neck
(Nos. 2 and 3), the phlegrose-nordmarkose (sslvsbergite) of Coney Island (phlegrose
No. 4 and nordmarkose No. 3), and the liparose (keratophyre) of Marblehead
Neck’(Nos. 12 aud 13).

14128—No. 14—03——2
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The specimens should, of course, be taken from fresh, unaltered rock, since oniy
thus do they represent the chemical character of the magma. TIn some cases, how-
ever, absolutely fresh material is not to be had; but if there be more than a very
slight degree of alteration an elaborate analysis is not called for. - All that we can
hope to obtain from an analysis of such a rock is a general idea of its magmatic
character, and while the determination of the main constituents should be made with
accuracy, it will scarcely be worth while to determine the minor ones, unless for
special purposes, such as the study of rock-weathering. If the alteration is slight
the proportions of the main oxides will not be very much changed, but those of the
minor ones will be relatively much more so.

AMOUNT OF MATERIAL.

The determination of the amount of material that will adequately represent the
mass is a matter of great importance and deserves the careful consideration of the
petrographer and the analyst. For actual analysis at least 10 grams 6f pulverized
rock should be available, but, in view of the possibility of the redetermination of’
some or all of the constituents or the determination of some for which large por-
tions are needed, it is well to have 20 or 80 grams.® No definite rule can be laid
down as to the amount that should be taken, which depends on the granularity of the
rock and whether it be porphyritic or not. In the case of fine- or medinm-grained
aphanitic or glassy rocks, which are not porphyritic or are only finely so, a few
chips, amounting to 30 or 40 grams, will be quite sufficient. Of coarse-grained
rocks, or those which are coarsely porphyritic, much more will be needed, the amount
being dependent on the coarsenessof grain. For nearly all ordinarily coarse-grained
rocks, or those in which the phenocrysts are less than an inch in dianieter, an ordi-
nary small hand specimen, or even a smaller fragment, will be quite sufficient, the
size being determined by the judgment of the petrographer. When the rock is
abnormally coarse, as in some pegmatites, nephelite-syenites, ete., much more must
be taken, often several pounds. In some rave cases a large rock surface must be
measured to determine the relative amounts of the various minerals, and proportion-
ate amounts of these must be taken and mixed for analysis. This last possibility,
‘fortunately, is of rare occurrence, and an analysis made of such material must be
regarded as only approximate at best.

When more than 30 grams or so of material is ¥sed it is not necessary to pul-
verize the whole, for a sample may be obtained by making successive erushings and
quartering, as in adsay work. Care must be taken to do this properly and system-
atically, according to methods given in any treatise on assaying, and reference may be
made here to a paper by Mr. S, A. Reed, which discusses the theory of the matter.®

« Cf, Hilichrand, Bull. U. 8. Geol. Survey No. 148, 1897, p. 73.
bRecd, S. A., School of Mines Quart., Vol. VI, 1885, p. 351.
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It should be noted that the whole of the small amonnt of chips or sample
obtained by quartering must be pulverized and used for analysis. The rock-making
minerals differ so greatly in brittleness that if only a portion of the sample be pul-
verized this will not represent the true average composition, for the more brittle
minerals, as quartz and the feldspars, will be first reduced to powder, while the
tougher ones, as hornblende, pyroxene, and biotite, will take more crushing and
grinding. Tf, therefore, the last portions, which do not pass easily through the silk
sieve, are rejected, the analysis will show a slightly more salic composition than
exists in fact. ‘

On the other hand, owing to the same fact, the fine dust lost during the opera-
tions of crushing, sifting, and grinding will be composed chiefly ot salic minerals, so
that, strictly speaking, all rock analyses are slightly more fémic than they should
properly be, though the error must be of very slight importance.® At any rate, it
seems to be unavoldable.

MICROSCOPICAL EXAMINATION.

A microscopical examination of the rock in thin section should always precede
the chemical analysis. This not only reveals clearly the character of the rock as
regards general composition and freshness, but often furnishes invaluable indications
as to what minor constituents, such as ZrO,, P,0,, SO,, Cl, etc., arc present.

The petrographer can thus indicate to the analyst which of the minor constituents
are to be estimated and those for which it 1s not worth while to look. Some of the
main analytical processes niay also be modified and shortened by a knowledge of the
general character of the rock, and in both these ways a great amount of useless lahor
will often be saved to the carcful and thorough but nonpetrographical analyst, who,
in the absence of such indications, may spend much time looking for constituents
which are absent, in the conscientious endeavor to have his analysis complete.

ACCURACY.

Assuniing that the sample unalyzed is representative of the rock mass, the degree
of correspondence between the figures yielded by the analysis and the true compo-
sition of the rock is dependent on two factors—its accuracy and its degrec of
completeness.

By accuracy is nieant the degree of precision with which the constituents sought
for have been determined, quite apart from the fact whethcr or not all those present
have heen detcrmined or separated one from another. The accuracy of -an analysis,

«The only instance known to me where this has been especially investigated is that in 8, Zaleski’s study of the
amount of quartz in granites (Tschermak’s Mineral. Mittheil., Vol. XIV, 1895, p, 350). He shows by dcterminations of
silica that the dust produced in the pulverization of granites is notably richer 1 feldspar relatively to quartz and- dark
minerals than the coarser portion of the powder.
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which may be discussed apart from its completeness, depends on the personal ability
of the analyst to make the analysis and on the reliability and adequacy of the meth-
ods employed.

The factor of the analyst has alrcady hecn touched on in speaking of the practice
of entrusting rock analyses to students, and the obvious truth that the personal
factor is &« most important one in the making of analyses need only be stated heve.
Thus the work of a trained and experienced man will be, presumably, of far higher
character than that of a heginner publishing his first analyses in an inaugural disser-
tation, or that of a student in chermstry to whom the analysis of a rock has heen
given for practice. It i1s true that the man of experience may not be a good analyst,
or may be hampered by poor methods or reagents, and conversely the work of the
beginner may be, and often is, of very good quality; but the fact remains that the
latter will not carry the weight of the former, in the ahsence of confirmation of its
character by other evidence.

The employment of the most reliable and accurate methods is, of course, essential
to good analytical work. As, however, this is not intended to he a treutise on the
analysis of rocks, the matter can be only briefly touched on, for the espccial purpose
of pointing out to the nonanalyticul petrographer some of the more common pitfalls
and sources of error that beset the path of him who undertakes the analysis of rocks.

In view of the wide experience of the chemists of the United States Geological
Survey, and the unequalled, uniformly high standard of excellence shown by their
wdrk, it may be recommended that the methods adopted by them“ should be employed
whenever possible, at least until improvements on them, or better methods, shall
have been devised. Too high commendation can scarcely be hestowed on their
analvses, especially the later ones, which stand in a class apart from almost all others,
as a study of the material here collected will render evident.

POSSIBLE ERRORS.

The fact must not be lost sight of by petrographers unacquainted with quanti-
tative analysis, that in certain portions of the processes, cspecially in the older
mcthods, there is liability to serious error, due either to inherent defects or to the
necessity for special care in manipulation, snch care as is possible only with a careful
and cxperienced analyst. The most prominent of these sources of error will be
briefly stated. :

Liability to error attends the determination, not only of the minor constituents,
where it is generally of comparatively small moment, but unfortunately that of most
of the main and most abundant chemical rock constituents, in which case 1t becomes
a matter of the utmost importance. The more important determinations which we

a Cf, Bulls. U. S. Geol, Survey Nos, 148 and 176.
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may discuss are those of 8i0,, Al,O,, Fe,O,, FeO, MgO, Ca0, the alkalies, TiQ,,
P,0O,, and MnO. , :

In regard to silica, Hillebrand“ has clearly shown that the methods usually
employed do not yield accurate results, bat that two or more evaporations alternating
with filtrations, together with prolonged ignition over the blast, are necessary. He
points out the fact that this ‘‘ may serve to explain in small part the excessive sum-
mations often encountered in rock analyses.” It is also shown that silica is not wholly
thrown down by ammonia or sodium acetate along with the aluminum and iron, and
that it is appreciably soluble in melted potassium pyrosulphate.

_ Increase in the apparent amount of alumina, due to imperfect separation of mag-
nesia, is probably the error of considerable magnitude most commonly met with in
rock analyses, especially in those of femic (basic) rocks. It arises from the fact that
magnesium hydroxide tends to fall down with aluminum hydroxide on precipitation
with ammonia. This can be prevented only by the presence of suflicient ammonium
salts and by repeated precipitations, either with ammonia alone or with sodium acetate

as well.
These conditions are easily neglected by the inexperienced analyst, and, in com-

piling the present collection, I have noted so many instances where this error has
certainly been made, and so many others where it is strongly suspected but not
definitely provable, owing to the insufliciency of the petrographic description, that T
must add my word of warning to those of Hillebrand? and Pirsson.¢

In regard to the determination of ferrous iron, Stokes”? has shown that ferrig
sulphate exerts a marked oxidizing effect on pyrite, and starting from this fact
Hillebrand ¢ demonstrates the unreliability of the Mitscherlich method, commonly
employed in Europe for the determination of ferrous iron, i. e., decomposition with
sulphuric acid in a scaled tube. This gives often, especially in rocks rich in iron,
too high results for FeO, and decomposition by hydrofluoric acid in an atmosphere
of carbonic acid is to be preferred.

It must be noted, however, that in the hands of inexpericnced analysts the latter.
method, as well as the former, is liable to give low resulés for ferrous and correspond-
ingly high figures for ferric irom, in consequence of the partial oxidation of the
former, due to careless manipulation. This error is the undoubted explanation of a
number of anomalously high figures for ferric iron to be found in the collection, for
these do not accord with what can be discovered about the mineralogical composition
as revealed by the descriptions.

aBull. U. 8. Geol. Survey No. 176, 1900, p 52, and Jour. Am. Chem, Soc., Vol. XX1¥, 1902, pp 362 et seq.
b Hillebrand, Bull. U. S. Geol. Survey No. 176, 1900, p. 55.

¢ Pirsson, Jour. Geol., Vol. IV, 1896, p. 688.

dStokes, H. N., Bull. U. S. Geol. Survey No. 186, 1901.

e Bull, U. S. Geol. Survey No. 176, 1900, p. 89.
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Another possible error in the determination of the iron oxides, and one which
may be easily made by the novice, is that involved in the reduction of the solution
of the precipitate by ammonia water for the determination of total iron. If the
current of H,S is not continued for a sufficient length of time, the ferric sulphate
will not be completely reduced to the ferrous state, so that the apparent amount
of ferric oxide will be too low and that of alumina correspondingly too high. This
will not, of course, affect the ferrous iroun, as this is always determined in a separate
portion.

The error involved in the liability of magnesia to be precipitated in part with
the alumina, which has already been touched on, will lead to too low figures for this
constituent.

Another error in the determination of this oxide, though in general of less
magnitude and importance, is that involved in its precipitation as ammonium mag-
nesium phosphate. Gooch and Austin® have shown that under the conditions usually
obtaining in this determination there is a strong tendency toward high errors
on the side of apparent increased amount of magnesia, owing to the presence of
excess of the precipitant, ammonium salts and free ammonia. Since this error is
due to the fact that, under these conditions, the ammonium magnesium phosphate
contains more P,0, than is called for by the ideal constitution, it will not affect other
constituents, but will he positive in its effect, and thus raise the summation of the
whole analysis. It is possible that this may account in part for some of the curi-
ous, slightly high summations met with in what are apparently otherwise excellent
analyses.

A source of error in the determination of CaO, of possibly frequent occurrence,
is that involved in the use of ainmonia water that is not fresh. The solution is then
likely to contain a notable proportion of animoninm carbonate, which will cause the
precipitation of part of the CaO as carbonate along with the alumina, ete. This
will be weighed with these, which will increase,the apparent amount of Al, O,, and
decrease that of CaO by the same amount.

In regard to the dctermination of the alkalies, I need only add a word in confir-
mation of the view expressed by Hillebrand?® as to the advantages of the Lawrence
Smith method, both as to accuracy and as to time saved. The slight correction
necessary for the minute amount of alkalies present in the calcium carbonate used is
a constant one, easily and safely applied, while, on the other hand, any of the other
methods of dccomposition involving the preliminary separation of alumina, iron
oxides, lime, and magnesia introduces a large element of uncertainty and possible
error, owing to the impurities contained in the reagents and taken up from the glass

vessels.

aGooch, F. A., and Austin, M., Am. Jour, Sci., Vol. V11, 1899, p. 197 bBull. U. 8, Geol. Survey No. 176 p. 96
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The colorimetric method for the determination of TiO,, deseribed by Hillebrand,
is by far the most accurate and the quickest, and should be uniformly used, since the
older methods, based on its precipitation by prolonged hoiling, are very uncertain
unless the conditions are very exactly adjusted, especially when much TiO, is prescnt,
in which ecase it is very liable tg he contaminated by AlLO, and Fe,O,. The assump-
tion which is sometimes made, that the residue left on evaporation of the silica with
hydrofluoric acid represents all the Ti(), present, is quite unwarranted, since this
residue contains only part of the TiO, at most, and alsosome Al,O,, Fc,0,, P,0;, ete.

In cases where the separation of alumina, etc., has heen made by the sodium-
acetate method, for the more complete separation of MnO, it must bhe remem-
bered that, unless the amount of acctic acid prescnt and the general conditions are
very exactly controlled, there is great danger of incomplete precipitation of alumina
at this stage. The ALO, not precipitated here will subsequently be thrown down
with the MnO and weighed with it, rendering the figures for this oxide too high
and those for alumina correspondingly low. This error is one of comphratively
frequent occurrence, judging from the abnormally high amounts of MnO often stated
as present, and is one especially liable to be made by the incexperienced analyst.
For this reason it would be preferable, unless the analyst has had experience in the
sodium-acetate method, to precipitate the alumina, etc., with ammonia several times
rather than usc the sodium acetate-method, even though the precipitation of MnO
be less complete, since the error involved in the determination of MnO is of far
less importance than that possibly affecting the ALQ,. \

COMPLETENESS, !

The ideal analysis should show the percentage amount of every constituent
present, and, for practical purposes at any rate, all those that are present in amount
sufficient to make their determination a matter of interest, or whose presence or
absence bears on the problem for which the analysis is made.

The amount which may make a constituent worth determining will vary, of
course, in different cascs, as will the number of constituents to be sought for. Thus
in such simple rocks as most liparases (granites, rhyolites, ete.) and labradorases
{(anorthosite) it is not necessary to determinc such a number of constituents as.should
be determined in the case of miaskares and rocks bhelonging to the dosalane and
salfemane classes. But in view of the facts that an a‘nalysis should be trnly repre-
sentative of the composition of the rock, that it may, if complete, be of use to others
for the discussion of problems other than the one immediately in hand, and the
general proposition that only good work should be countenanced in science, every
analysis should be as complete as it is practicable to make it.
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MAIN CONSTITUENTS.

It goes without saying that in every rock analysis worthy of the name all the
usual main constituents must be'determined. These will include silica, alumina,
ferric and ferrous oxides, magnesia, lime, soda, potash, and water.

Unfortunately a large nwmber of analyses exist in which the iron oxides have
not been separately determined, but are given together, as either Fe,O, or FeO, or
most equivocally bracketed opposite both of these.. Unless the iron oxides are
present in very small anrount, e. ., less than 1 per cent, or unless the presence of
a considerable amount of pyrite or pyrrhotite makes the determination of FeQ
very uncertain, this is a quite unpardonable procecding, since the proper separate
determination of these two is cssential to the complete chemical discussion of
the rock magma and the calculation of the mineral composition, either normative
or modal. This, with the error involved in the separation of alumina and magnesia,
is the most common defect in rock analyses, and a surprisingly large number have
been rejected from Part I of the tables on this account.

The alkalies are occasionally estimated together (as Na,O), or determined by the
difference from 100 per cent. This procedure is found especially in analyses of
the more femic rocks, but sometimes in those of rocks in which the alkalies amount
to several per cent. This is also a.form of slovenliness for which there should be no
excuse, except in rocks composed largely or entirely of such minerals as olivine,
magnetite, and ilmenite, when the alkalies can be present only in traces at most.

The molecular weight of orthoclase and albite is so high® that in any chemico-
mineralogical system of classification, or in the calculation of the mode, the deter-
mination of both of these oxides is of the greatest importance. Furthermore the
assumption is made that the sum of the analysis will be exactly 100 per cent, which
is. quite unwarranted in view of the great rarity of this occurrence, and especially
when the chemist thinks so little of his work as to be unwilling to determine the
alkalies properly.

In some highly salic or highly alkalic rocks MgO and CaO are not determined, but
are given as ‘“traces.” While in most of these cases their nondetermination will not
seriously affect the results of calculation, yet such a procedure is to be deplored as
being not first-class work. The term ‘‘trace” should indicate strictly and uniformly
that the constituent has been looked for and found, but in unweighable amount
(0.1 milligram or less), while if it is not looked for because it is supposed o be
present in small amount, some such phrase as ‘‘present, not determined” (p., n. d.)
should be employed. The limits assigned to the term ‘‘trace” vary widely, and in
the collection may be found instances where this term is used of constituents that
are certainly present to the extent of half of 1 per cent or much more.

\

»
aOne per cent of KyO corresponds to 5 per cent of orthoclage, and the same amount of Na,O to 8 per cent of albite.
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MINOR CONSTITUENTS.

Assuming that the eight main constituents arc to be determined, we may take
up the discussion of those usually regarded as ‘““minor.” Both Clarke®and Hille-
brand? lay stress on the importance of their determination frowm the point of view of
the solution of broad petrological prohlems. Thus the work of the chemists of the
United States Geologieal Survey has denonstrated the comparative abundance and
general distribution of titanium, barium, and strontium, and, in the case of barium,
a greater abundance along the Rocky Mountain region than in the eastern and the
extreme western parts of the United States. The frequent presence of vanadium in
the more femic (basic) rocks and of molybdenum in the more quaric-(siliceous) ones,*
of zirconium in presodic and especially nephelite-bearing rocks, and of nickel and
chromium in very femic rocks, are other well-known instances of importaut contri-
butions to our knowledge of rock magmas due to completeness in the making of
analyses.

Indeed, Hillebrand has entered such a strong plea for completeness in rock
analysis that little more need be said to convince petrographers of the correctness
of his position. Since, however, there is a strong tendeney to regard as adequate
for petrographical purposes analyses in which only the eight main constituents have
been determined, further remarks, especially in elucidation of some special points,
will not be amiss.

1t is obvious that when the rock carries notable amounts of minerals which con-
tain as essential ingredients any of the ‘“minor” counstituents, these should always be
determined. Thus, Cl and SO, should always be included in the analysis of rocks
with sodalite or noselite; TiO,, when titanite, limenite, or titaniferous augite are
present; P,O,, when there is any apatite, and ZrQ, if there is considerable zircon
or endialyte. 1f these constituents ure not determined the analysis will not show
adequately the composition of the rock, or, as Clarke puts it, *‘ the petrographer has
been more thorough than the chemist.”

Tt is for this reason that a microscopical study of the rock scction should always
precede the analysis. The conscientious chemist who is not a petrographer, and
who, therefore, does not know what minor constituents are especially to be looked
for, can only make sure of the completeness of his work by the determination of
everything possible. While the results will always be of value, yet in many cases
part of this lubor may be quite unnecessary, involving a waste of valuable tinie which
might be obviated if the petrographer would furnish with the material an indication
of what minor substances are espeeially to be looked for.

aClarke, F, W,, Bull. U. 8. Geol. Survey No. 148, p. 11.
b Hillebrand, Jour, Am. Chem. Soe., Vol. XVI, 1894, p. 90; Bull. U. 8. Geol. Survey No. 148, p. 17.
< Hillebrand, Am. Jour. Sei., Vol V1, 1898, p. 216.
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Although the determination of all constituents, even those which are present in
mere traces, is to be desired, yet in practice a compromise must be made, generally,
between the degree of completeness and the time to he devoted to practical analytical
work. The determination of most of the minor constituents takes considerable time,
and, if the number of analyses to be made is great, or the time available is limited, it
may not be advisable to determine all the legser constituents, but only those essential
to a proper understanding of the rock. This is especially true of the rarer substances,
as ZrQ,, Cr,0,, V,0,, F, NiO, Co0, CuO, SrO, etc., and SO, and Cl in rocks without
the sodalite group of minerals, .On the other hand, such constituents as TiO,, P,0,,
BaO, and S, which are now known to be commonly present and widely distributed,
should be determined in every analysis which makes an attempt at completeness, as
every modern analysis should. It is also generally of importanee to determine Cr,0,
and NiO in the most femic rocks, espeeially when olivine is abundant, as they are
apt to be present in very considerable amount.

In discussing this matter, an important point to bear in mind is that the deter-
mination of certain of the minor constituents affects the figures for other and often
very important ones. This arises from the methods of analysis necessarily employed,
in which several constituents are precipitated together in one operation, and subse-
quently some of them separately determined, the figures for one being known by the
difference. Of these by far the most important are TiO, and P,O,. These are not
only almost always present, often in very considerable amount, but their determina-
tion affects that of the highly important alumina. In the course of the analysis
ALO,, Fe,0,, TiO,, and P,O, are precipitated together, the three last are deter-
mined separately, and the alumina is estimated hy difference from the sum of the
four, sinde so far mno satisfactory method has been devised for its independent
determination. . ‘

It is obvious, therefore, that, if TiO, and P,0O, are not determined, the figure for
alumina will be too high. In the case of all but the most salic rocks the error may
be of great moment, sinee these two oxides may be present in a very considerable
amount, and the alumina is the only measure we have for the caleulation of the
amount of anorthite—modal or normative—from the analysis.

Similarly, the nondetermination of ZrQ,, Cr,O,, and V,0, will raise the figures
for alumina, since these are also precipitated together. In the great majority of
rocks, however, the error will be negligible, owing to the minute quantities of these
oxides usually present.

Vanadium also affects the determination of ferrous ivon, and, if presumably present
in more than traces, it may he determined and a proper correction applied to the
ferrous iron ¢ in the most accurate work. Fortunately this will very scldom be
neccs.éary.

« Hillebrand, Bull. U. &. Geol. Survey No. 176, p. 95.
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As SrO is precipitated with CaO as oxalate, its nondetermination will render the
apparent amount of CaQO too high. As this substance rarely oceurs in more than
traces, this error is negligible for all but the most accurate investigations.

Iithium chloride remains with the sodium chloride after separation of the potas-
sium as platinichloride, but, so far, has rarely been found to be present in quantity
great enough to warrant its estimation. *

The question as to whether MnO should be determined or not is a rather per-
plexing one. Of course for the best work, and if the analyst is sufficiently experi-
enced not to fall into the error possible in its determination by the sodium-acetate
method already spoken of, it should be done. But, on the other hand, its determina-
tion adds very materially to the time needed for the analysis, and involves as well
the use of a method lable to an error which will affect seriously a much more
important constitutent. Furthermore the Jong list of analyses made hy the chemists
of the United States Geological Survey, as well as those made elsewhere, show that,
while almost always present, its amount is very small, in general little more than a
trace. Thus in all the analyses of igneous rocks published in Bulletin 168 of the
United States Geological Survey it only exceeds 0.50 per cent twice,” and falls between
0.40 and 0.50 five times.” Indeed, it is of interest to note in this conneetion that
Professor Clarke’s estimate of the average composition of the igneous rocks of the
United States¢ shows that the amount of manganese in them is only about one-sixth
of that of titanium, and is even less than that of phosphorus. In view of the great
variety of igncous rocks represented by these analyses and of the very high character
of the analytical work, the high figures so often found for this oxide in many other
analyses are to be regarded with suspicion, the probability being that in them the
error already spoken of has been made.

That the nondetermination of MnQ will affcct the figures for other constitucnts
is certain, but to what extent is not very clear. If the scparation of AlL,O,, etc., has
been made with ammonia water, a small portion will be thrown down and be weighed
as alamina. Part of that which passes through in the filtrate will he thrown down
with caleium oxalate and weighed as CaQ. But, as manganese oxalate is slightly
soluble in water, some of the manganese will be thrown down as phosphate with the
magnesia and weighed with this. Little is known of the various proportions of the
manganese which will thus be distributed, and the matter is one which calls for
investigation. It has seemingly becn passed over in the text-books on quantitative
analysis, owing to the assumption that the MnO is separated in the regular course
before the precipitation of CaQ and MgO.

@0.93in A, p. 81: 0.70in F, p 212.
#0.45 1 C, p. 169; 043 m D, p. 161; 0.41 in E, p, 214; 0.40 in E, p. 20, and A, p. 147,
¢ Clarke, Bull. U, 8. Geol. Survey No. 168, p. 15.
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At any rate, in view of the small amount of this substance present, its probable
distribution among several constitucnts, thereby affecting each of them only to 2
negligible extent, and the loss of time and possibility of error affecting AlQ,
involved in its determination, it may be held that the determination of MnO is not
essential or called for, even in what is otherwise very complete and aceurate work.

In regard to the deternfination of H,O, I am in accord with Dittrich® and Hille-
brand,? that the rock powder for analysis should be air dry, and that it is advisable
(though not necessary) to discriminate between combined and hygroscopic water,
i. e., that driven off above and helow 110°. The remarks of Hillebrand on the
inadvisability of the method for the determination of H,O by ‘“loss on ignition™ will
be concurred in hy every experienced analyst who has considered the matter.

Except where minerals containing water or hydroxyl, as analcite or muscovite,
are present as primary componcnts, the determination of H,0 is not a matter vital
to proper comprehension of the rock magma, but its amount, as well as that of CO,,
is of very great importance as a measure of the freshness of the rock. The deter-
mination of water, therefore, must be regarded uas essential to every rock analysis,
and that of CO, also when the presence of calcite or cancrinite or the altered condi-
tion of the rock demands it.

In this connection a common practice may be briefly alluded to, namely, that of
deducting H,O and CO, when the rock is not fresh, calculating the remainder to 100
per cent, and assuming that the result represcnts thc composition of the original,
unaltecred rock. This assumption is quite unwarranted and is apt to lcad to totally
erronecous conclusions, since the processes of weathering or alteration do not usually
congsist in the simple addition of H,O and CO,. but in the assumption of these con-
comitantly with changes, either additive or subtractive, in some or all of the other
components. And as yet we are unable to determine these with any degree of success.

Furthermore, such a procedure, like that of any recalculation to 100 per cent,
unless the original figures are given, deprives others of one of the best methods of
judging of the value of the analysis, by concealing the original summation.

RATING OF ANALYSES,

We have hitherto considered rock analyses from the point of view of the analyst.
It remains to discuss them from that of the petrographer who wishes to use the
results, and who therefore needs to have some means of judging as to their reliability.
For this purpose it is necessary to discuss the features of an analysis on which this
judgment may be based, and it will also be convenient to formulate a method by which
the general character of an analysis may be expressed concisely. This expression of
the rclative worth of an analysis may conveniently be called its ‘‘ rating,” in analogy
with that of commercial houses.

aDittrich, M., Mittheil, Badischen Geol. Landesanst,, Vol, 111, p. 79, 1894.
b Hillebrand, Bull. U. S. Geol. Survey No. 148, 1897, pp. 26 et seq.
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The user of the analysis must rely on the judgment of the collector and the analyst
that the specimen, both as to locality and size, correctly represents the rock mass,
unless some reason appears to the contrary. It rarely happens that the analysis in
itself gives any indication as to this point, at least in a decisive way.

The special case of the analysis of the groundmass of a rock is, however, not
uncommon, and may be briefly discussed. For the general purposes of petrography
such analyses are of little use, and they have been excluded from the present collection.
On the other hand, for the solution of certain special problems they may be of great
value. It must be pointed out, however, that an essential adjunct to their use is a
knowledge of the relative amounts of the phenocrysts and the groundmass, unless
only a knowledge of the composition of, for example, glassy or microaphanitic
groundmasses be desired. If the purpose is the study of the order of crystallization,
or some such thing, a knowledge of the quantitative relations is indispensable.

Unfortunately, this knowledge is wanting in every case, so far as my knowledge
extends, quantitative relations being given only in the cases of analyses of the por-
tions soluble and insoluble in acid. This is only' another phase of the prevailingly
gnalitative way of regarding petrographical problems. '

It can scarcely be reiterated too often that the science of petrography must
become quantitative if it is to make real and certain advance. The time has passed
when a simple statement of the minerals composing a given rock, with a description
of their physical properties, will suffice. We need to know in addition the rclative
amounts of the minerals as accurately as may be, with their chemical composition, as
well as that of the rock itself, derived either from chemical analysis or from deter-
mination of the quantitative mincral composition. Otherwise many of the broadest
and most fundamental problems in petrology will be incapable of solution, and the
seience will still consist of vague gropings after the truth, because some of the most
essential facts—the quantitative relations—remaiu neglected and unknown.

ACCURACY.

Assuming, thercfore, that the analysis is representative as far as the material
goes, we have its accuracy and its completeness as means of judging its value. The
features on which this must rest, as far as accuracy is conccrned, may be stated as
follows: ’

. (@) Agreement with the mode.
Internal evidence ]
() Summation.
(¢) Analyst.
External evidence{ (d) Methods of analysis.

{e¢) Indirect evidence.
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INTERNAL EVIDENCE.

Agreement with the mode.—Tt may seem superfluous to state that the chemical
analysis of a rock must accord with its quantitative mineral compositibn as determined
by the microscope. That such a statement is necessary, however, study of the
present collection, with the many discordant results it contains, will render clear.

When the mode of a rock is kmown, this is the best basis for ascertaining
whether the analyst has done his work well or not. Given the quantitative amounts
of the minerals present and a knowledge of their composition, the chemical analysis
can be easily checked by the calculation of the chemical composition from the miner-
alogical data.? The agrecment need not be exact, and indeed seldom is except under
the most favorable conditions, since the measurement of the amounts of the constit-
uent minerals under the microscope can not be of the highest order of accuracy, and
assumptions must often be muade as to the chemical composition of some of them.
But the result will usually be sufficiently accurate to show whether notable analytical
errors have been made or not.

In the great majority of cases, however, only the roughest kind of quantitative
data are either given in the descriptions or conveyed by the present rock names, if
indeed one is fortunate enough to have any kind of quantitative information as to
the mineral composition vouchsafed him. Here one can detect only errors of a
flagrant kind, and of magnitudes involving several per cent of certain constituents.

In considering the possibility of any of the errors previously mentioned, the
judgment of the petrographer, based on a knowledge of the chemical composition of
minerals as well as on his knowledge of analytical work, must come largely into play.
All the chemical features must be taken into consideration in connection with the
description, especially in the absence of exact quantitative mineralogical data.

Thus high alumina (e. g., 20 per cent or more) in a rock with less than 50 per
cent of silica, and even with low magnesia, is not necessarily due to an crror in the
separation of alumina and magnesia. It may he caused by the nondetermination of
TiO, and P,0,, or by the presence in abundance of angrthite or nephelite, which will
be indicated by correspondingly high lime or soda. Apparently high soda and low
potash in a so-called orthoclase rock may arise from an imperfest description or
identification of the feldspar, which may be in reality a soda-orthoclase.

It must also be borne in mind that eases oecur where the microscopical is secm-
ingly at variance with the chemical analysis, and yet the latter is undeniably correct.
This is especially true of very fine-grained holocrystalline or hypocrystalline rocks,
and it will happen not infrequently that further, more critical, microscopical study
will reveal a constituent which has been overlooked, but whose prescnce is manifest

after the analysis has indicated its existence.

aCf. Jour. Geol,, Vol. X, 1902, pp. 667 et scq.
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An instance of this is the hornblende-phyro-essexose (kulaite) of Phrygia,
investigated by the writer, in which the rather abundant nephelite was at first over-
looked in the partly glassy groundmass, and was discovered only when repeated
careful chemical work and calculation of the mode showed that it was necessarily
present.®

Another well-known iustance where the cheiical analysis does not correspond
with the microscopical character is that of the wyomingose and orendose of the
Leucite Hills.? ‘In the former, although modally the only salic minerals visible are
leucite and nosclite, the analysis shows u large excess of silica. In the orendose
‘there is an excess of alkalies over alumina, with excess of silica in one case. So far,
these discrepancies have not bheen explained, though there can be no doubt of the
high degree of uccuracy and completeness of the analysis.

But such oceurrences are exceptional, and if no explanation is afforded by the
description to account for the peculiarities of the analysis we may, in genecral,
assume that errors have been made, and consider the analysis untrustworthy in this
respect.

Tn this connection it will be well to mention that the simple method of calcula-
timg the norm of a rock, recently described,is of very great use in checking an
analysis, While apparently complicated, in the mujority of cases it is readily and
quickly effected. Then, with some knowledge of the relations of the standard and the
alferric minerals, sufficiently close adjustments of the mineral molecules are easily
made to permit a comparison of the mode with the analysis.

It must not be forgotten, even here, that in the absence of a knowledge of the
quantitative relations of the component minerals, very serious analytical errors may
not be revealed by calculation of the mode, in this or any other way, from the chem-
ical data. 'The error in one or more constituents may amount to several per eent,
and yet u mode can be calculated which will appatently agrec with the description or
with a qualitative microscopical examination.

This is iHlustrated by the writer’s first analysis of the ¢iminite of Fontana Fies-
coli, near Viterbo.? The mode, as calculated from this analysis,® scemingly agreed
with the microscopical examination, although subsequent investigation and analysis
showed that the alumina and the magnesia were respectively too low and too high by
about 8 per cent.” ]

Although 1t is always an unwelcome task to point out mistakes, yet the citation
of some examples illustrating the more common errvors may be usetul. It must be

« Washington, L. 8., Jour. Geol., Vol. VILI, 1900, p. 611.

b Cross, Whitman, Am. Jour. Sci., Vol. IV, 1897, p. 132.

e Cross, Jddings, Pirsson, Washington, Jour. Geol,, Vol. X, 1902, p. 644,

4 Washington, H. 8., Jour. Geol,, Vol. IV, 1896, p. 837.

e Idem, Jour. Geol., Vol. V, 1897, p. 354.

S Washington, H. 8., Am. Jour. Sci., Vol. 1X, 1900, p. 45. /
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premised, however, that there is no desire to call attention to the mistakes of indi-
viduals, but the possibilities of serious error, even among the best workers, will be
pointed out. Tt 1s unfortunate that a few must be selected for this criticism, for, as
a matter of fact, all are or have been thus culpable, so that no one petrographer
can be held guiltless of errors in the use or making of analyses, or of lack of proper
critical acunte<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>